The synthesis, structure, and reactivity of a thorium metallacyclopentadiene were comprehensively studied. The reduction of (η 
Introduction
Small metallacycles exhibit unusual intrinsic reactivity, 1 and within this class of compounds metallacyclopropenes and metallacyclopentadienes of group 4 metallocenes have spurred particular interest. 1, 2 These metallacycles are generally prepared by the reduction of the metallocene dichlorides in the presence of a suitable alkyne. 1c Whereas the synthesis of metallacyclopropenes requires a precise control of the alkyne stoichiometry, metallacyclopentadienes are formed in the presence of an excess alkyne. 1c Furthermore, metallacycles may serve as precursors for the synthesis of highly functionalized organic molecules and heterocyclic main group element compounds. [1] [2] [3] Whereas metallacycles of the group 4 elements are well studied and understood, only a few examples of actinide elements are known. 4 One notable exception is the reac- . 4e In contrast, the analogous reactivity of the (η 5 -C 5 Me 5 ) 2 Th fragment has not been investigated. We have been interested in thorium organometallics for some time, [5] [6] [7] [8] because Th adopts with its 7s 2 6d 2 electronic ground state, a special position within the actinide elements, which also relates it to group 4 metals. In order to investigate the reaction chemistry of thorium metallacycles and the influence of the 5f-orbitals we have recently prepared the thorium metallacyclopropene complex [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 Th(η 2 -C 2 Ph 2 ). 9 The sterically demanding 1,2,4-(Me 3 C) 3 C 5 H 2 ligand prevented the double insertion of PhCuCPh and therefore it allowed us to investigate the reactivity of the thorium metallacyclopropene towards unsaturated substrates such as aldehyde, CS 2 , carbodiimide, nitrile, and isothiocyanate, for which insertion into the Th-C bond was observed. 9 With the organic azide Me 3 SiN 3 the azametallacyclo- 9-diazofluorene (Scheme 1). 9 We are now interested in comparing the reactivity of a thorium metallacyclopentadiene towards these reactive nitrogen containing substrates. 10 Therefore, as part of these investigations, we report herein on some observations concerning the synthesis, structure, structure-reactivity relationship of the first thorium metallacyclopentadiene (η 5 -C 5 Me 5 ) 2 Th(η 2 -C 4 Ph 4 ) (2), and its reactivity towards organic azide and diazoalkane derivatives.
Experimental

General methods
All reactions and product manipulations were carried out under an atmosphere of dry dinitrogen with rigid exclusion of air and moisture using standard Schlenk or cannula techniques, or in a glove box. All organic solvents were freshly distilled from sodium benzophenone ketyl immediately prior to use. Diphenylacetylene was purified by sublimation prior to use. KC 8 (0.2 mL). The color of the solution immediately changed from yellow to red. Resonances attributed to 5 along with those unreacted 2 were observed by 1 H NMR spectroscopy (50% conversion in 10 min based on 2).
X-ray crystallography
Single-crystal X-ray diffraction measurements were carried out on a Bruker SMART CCD diffractometer at 113(2) K using graphite monochromated Mo Kα radiation (λ = 0.71073 Å). An empirical absorption correction was applied using the SADABS program. 13 All structures were solved by direct methods and refined by full-matrix least squares on F 2 using the SHELXL-97 program package. 14 All the hydrogen atoms were geometrically fixed using the riding model. Disordered solvents in the voids of 5 were modeled or removed by using the SQUEEZE program. 15 The crystal data and experimental data for 2-5 are summarized in Table 1 . Selected bond lengths and angles are listed in Table 2 .
Computational methods
All calculations were carried out with the Gaussian 09 program (G09), 16 employing the B3PW91 functional, plus a polarizable continuum model (PCM) and D3 17 (denoted as B3PW91-PCM+D3), with the standard 6-31G(d) basis set for C, H, N and Si elements and Stuttgart RLC ECP from the EMSL basis set exchange (https://bse.pnl.gov/bse/portal) for Th and U, 18 to fully optimize the structures of reactants, complexes, transition states, intermediates, and products, and also to mimic the experimental toluene-solvent conditions (dielectric constant ε = 2.379). All stationary points were subsequently characterized by vibrational analyses, from which their respective zero-point (vibrational) energy (ZPE) were extracted and used in the relative energy determinations; in addition frequency calculations were also performed to ensure that the reactant, complex, intermediate, product and transition state structures resided at minima and 1st order saddle points, respectively, on their potential energy hyper surfaces.
Results and discussion
Reduction of (η 5 The molecular structure of 2 is shown in Fig. 1 . To the best of our knowledge, 2 represents the first structurally characterized thorium metallacyclopentadiene complex, and the crystal (2) In order to better understand the electronic structure of complex 2, we undertook computational studies at the DFT level of theory. In addition, we decided to compare the bonding in 2 to its uranium analogue (η 5 -C 5 Me 5 ) 2 U(η 2 -C 4 Ph 4 ).
The DFT computations reproduce well the experimentally determined geometries of 2 and (η 5 -C 5 Me 5 ) 2 U(η 2 -C 4 Ph 4 ), in which the butadiene fragment is coordinated to the (η 5 -C 5 Me 5 ) 2 An fragment by two An-C σ-bonds, as illustrated in Fig. 2 . Furthermore, the natural bond orbital (NBO) analysis (Table 3 ) reveals that in complex 2, the strongly polarized Th-C σ-bonds (σ Th-C) are composed of a carbon sp 2 -hybrid orbital (89.8%; 29% s and 71% p) and a thorium hybrid orbital (10.2%; 20% 5f and 48% 6d and 4% 7p and 28% 7s). In contrast, the bonding in the uranium complex (η 5 -C 5 Me 5 ) 2 U(η 2 -C 4 Ph 4 ) is more covalent (17.4% U) and 5f orbitals also play a more important role. The percent contribution of 5f orbitals to U-C σ-bonds is substantially larger in the uranium complex (η 5 -C 5 Me 5 ) 2 U(η 2 -C 4 Ph 4 ) (37%) than that in the thorium complex 2 (20%). Furthermore, one C-C σ-bond (σ C-C) is composed of pure sp 2 -hybrid orbitals. Moreover, two bonding orbitals are found for the two CvC bonds: one is a σ-bond (σ CvC) with pure sp 2 -hybrid orbitals; the other bonding orbital is a π-bond (π CvC) with pure p orbitals. Overall, these computations reveal that the An-C bonds in actinide metallacyclopentadienes are rather ionic, but also demonstrate that actinide 5f orbitals are indeed involved in the bonding between the metallocene and C 4 Ph 4 fragments. This is consistent with previous conclusions that the 5f orbitals play an important role in the bonding of actinide complexes. 19a,20 The next step was to probe the intrinsic reactivity of complex 2 and to compare these results to those of the thorium metallacyclopropene complex [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 Th-(η 2 -C 2 Ph 2 ). 9 In contrast to the thorium metallacyclopropene, (Fig. 3) . Interestingly, attempts to optimize a side-on bound (η 2 -N,N) adduct failed, instead the end-on bound adduct COM is always formed because of the steric hindrance. In the TS the two forming bond distances Th-N and C-N are 2.291 and 2.061 Å, respectively, which can be compared to those found in the product 3 of 2.308 and 1.376 Å, respectively. In the transition state the Th-N and C-N bonds are formed simultaneously, while the other nitrogen atom is coordinated to thorium ion. The conversion of COM to the product 3 is energetically very favorable by ΔG°= −37.4 kcal mol −1 and the activation barrier (ΔG ‡ ) is 21.2 kcal mol −1 , which is consistent with the rapid formation of 3 at ambient temperature. 2.363(4) Å), 22 and [η 5 -1,3-(Me 3 C) 2 C 5 H 3 ] 2 Th(bipy) (2.326(7) and 2.325(7) Å). (7) and 2.325(7) Å). 23 
Conclusions
In conclusion, the first thorium metallacyclopentadiene complex, (η 5 -C 5 Me 5 ) 2 Th(η 2 -C 4 Ph 4 ) (2), was comprehensively studied. Similar to thorium metallacyclopropene, 9 density functional theory (DFT) studies reveals that 5f orbitals contribute to the Th-C σ-bonds of the Th-(η 2 -CvC-CvC) moiety, and that the σ-bonds between the [η 5 -1,2,4-(Me 3 C) 3 C 5 H 2 ] 2 Th 2+ and the [C 4 Ph 4 ] 2− fragments are very polarized, which makes the insertion of unsaturated substrates favorable. However, when the steric strain of the metallacycle is reduced, the reaction chemistry changes, as illustrated by their reaction with organic azides and diazoalkanes. While the thorium metallacyclopropene yields rearranged products, 9 the thorium metallacyclopentadiene shows mono-and double insertion of diazoalkanes and organic azides into the Th-C bond to yield hydrazido and bis(triazenido) ligands, respectively. Further studies on the intrinsic reactivity of actinide metallacycles are in progress and will be reported in due course.
